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SPECIFICATION 



CONTROL APPARATUS OF ELECTRIC POWER STEERING APPARATUS 

TECHNICAL FIELD 

The present invention relates to an electric power steering 
apparatus in which a steering assist force caused by a motor 
is given to a steering system of a car or a vehicle, and more 
particularly, to an electric power steering apparatus comprising 
a control system with two degree of freedom which is capable 
of independently designing steering feeling and road information 
sensitivity to realize ideal steering feeling and road 
information sensitivity at the same time in a frequency region. 

BACKGROUND TECHNIQUE 

The electric power steering apparatus for assist-load 
energizing the steering apparatus of a car or a vehicle with 
rotation force of a motor is designed to assist-load energize 
a steering shaft or a rack shaft with a driving force of the 
motor by a transmission mechanism such as a gear or a belt through 
a speed reducer. In such a conventional electric power steering 
apparatus, feedback control of motor current is performed to 
precisely generate assist torque (steering assist torque) . The 
feedback control is for adjusting voltage to be applied to the 
motor such as to reduce a difference between a current command 
value and a motor current detection value, and the voltage to 
be applied to the motor is generally conducted by adjusting a 



1 



duty ratio of a PWM (pulse width modulation) control. 

A general structure of the electric power steering 
apparatus will be explained with reference to Fig. 7. A column 
shaft 2 of a steering wheel 1 is connected to a tie rod 6 of 
a running wheel through a speed reducing gear 3, universal joints 
4a and 4b and a pinion rack mechanism 5. The column shaft 2 
is provided with a torque sensor 10 for detecting the steering 
torque of the steering wheel 1. A motor 20 for assisting the 
steering torque of the steering wheel 1 is connected to the column 
shaft 2 through the speed reducing gear 3. Electricity is 
supplied to a control unit 30 which controls the power steering 
apparatus from the battery 14 through an ignition key 11 and 
a relay 13. The control unit 30 calculates a steering assist 
command value I of assist command based on the steering torque 
T detected by the torque sensor 10 and based on vehicle speed 
V detected by the vehicle speed sensor 12, and the control unit 
30 controls current to be supplied to the motor 20 based on the 
calculated steering assist command value I. 

The control unit 30 mainly comprises a CPU (including MPU 
also) , and general functions of the control unit 30 executed 
by program in the CPU are shown in Fig. 8. For example, a phase 
compensator 31 is not a phase compensator as independent hardware, 
but is a phase compensating function executed by the CPU. 

The functions and operation of the control unit 30 will 
be explained. The steering torque T which is detected and 
inputted by the torque sensor 10 is compensated in phase by the 
phase compensator 31 for enhancing the safety of the steering 
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system. The steering torque TA which was compensated in phase 
is input to a steering assist command value calculating element 
32. The vehicle speed V detected by the vehicle speed sensor 
12 is also input to the steering assist command value calculating 
element 32. The steering assist command value calculating 
element 32 determines the steering assist command value I which 
is a control target value of current to be supplied to the motor 
20 based on the input steering torque TA and vehicle speed V. 
The steering assist command value I is input to a subtracter 
30A and is also input to a differentiation compensator 34 of 
a feedforward system for enhancing the response speed. A 
deviation (I-i) of the subtracter 30A is input to a proportion 
calculating element 35 and is also input to an integration 
calculating element 36 for improving the characteristics of the 
feedback system. The output of the differentiation compensator 
34 and outputs of the proportion calculating element 35 and the 
integration calculating element 36 are added and input to an 
adder 30B . A current control value E which is a result of addition 
in the adder 30B is input to a motor drive circuit 37 as a motor 
driving signal. The current i of the motor 20 is detected by 
a motor current detection circuit 38 and is fed back to the 
subtracter 30A. 

In such a conventional electric power steering apparatus, 
in order to make full use of the flexibility in design thereof 
and to obtain stable and comfortable steering feeling, it is 
proposed to design the transmitting characteristics of the 
steering feeling and the road information sensitivity in the 
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frequency region (e.g., Japanese Patent Application Laid-open 
No . 2001-334 948 ) . That is, the complementary sensitivity 
function with respect to frequency of the control apparatus is 
set a value approaching "1" in a band where there exists 
disturbance to be suppressed, and is set to a value approaching 
zero in a band where there exists disturbance to be transmitted. 
This is because that under the definition of the complementary 
sensitivity function, when the function is "1", this means that 
the disturbance is suppressed, and when the function is zero, 
this means that the disturbance is not suppressed at all and 
is transmitted. 

It is conceived that the steering feeling and the road 
information sensitivity can be used as indices of performance 
evaluation in the electric power steering apparatus. However, 
the conventional electric power steering apparatus has a problem 
that since the transmitting characteristics representing these 
two indices have mutual subordinative relation, it is difficult 
to design a control system which satisfies the two indices at 
the same time. That is, since the steering feeling and the road 
information sensitivity have the mutual subordinative relation, 
the steering feeling and the road information sensitivity can 
not be designed independently, and it is difficult to design 
a control apparatus which satisfies the ideal steering feeling 
and road information sensitivity at the same time. 

The present invention has been accomplished in view of 
the above circumferences, and it is an object of the invention 
to provide an electric power steering apparatus comprising a 
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control system with two degree of freedom which is capable of 
independently designing the steering feeling and road 
information sensitivity for realizing ideal steering feeling 
and road information sensitivity at the same time in a frequency 
region . 

DISCLOSURE OF THE INVENTION 

The present invention relates to an electric power steering 
apparatus for controlling a motor based on a current command 
value calculated from a steering assist command value calculated 
based on a steering torque generated in a steering shaft and 
from a current detection value of the motor which gives a steering 
mechanism a steering assist force. The above object of the 
invention is achieved by the following structure. That is, the 
electric power steering apparatus comprises a torque filter for 
processing a torque signal, an SAT estimating function, and an 
SAT filter for signal-processing SAT information from the SAT 
estimating function, and wherein the electric power steering 
apparatus also comprises a control system with two degree of 
freedom which is capable of independently designing steering 
frequency characteristics of steering feeling and road 
information sensitivity. 

Further, the above object of the invention is more 
effectively achieved by the following structure. That is, gain 
of the steering feeling is set such that the gain maintains at 
a constant value up to frequency as high as possible, or the 
road information sensitivity can eliminate information in an 
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unnecessary frequency band, or the unnecessary frequency band 
is set in a range of 10Hz to 30Hz. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a block diagram showing a structure example of 
an embodiment of the present invention, Fig. 2 is a block diagram 
showing a structure example of a control unit , Fig. 3 is a schematic 
diagram of Fig. 2, Fig. 4 is a diagram used for explaining 
estimation of SAT, Fig. 5 is a diagram showing target transmission 
characteristics of steering feeling, Fig. 6 is a diagram showing 
target transmission characteristics of road sensitivity 
information, Fig. 7 is a diagram showing a structure example 
of a general power steering apparatus, and Fig. 8 is a block 
diagram .showing a structure example of a control unit. 

BEST MODE FOR CARRYING OUT THE INVENTION 

An electric power steering apparatus of the present 
invention controls a motor based on a current command value 
calculated from a steering assist command value calculated on 
the basis of a steering torque generated in a steering shaft 
and from a current detection value of the motor which gives 
steering assist force to a steering mechanism. The electric 
power steering apparatus comprises a torque filter for processing 
a torque signal from the torque sensor, an SAT estimating function 
which estimates a self aligning torque (SAT) based on a torque 
signal, a motor angular speed and the like, and a SAT filter 
for processing a signal of SAT information estimated by the SAT 
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estimating function. The electric power steering apparatus has 
a control system with two degree of freedom which is capable 
of independently designing steering feeling (transmission 
characteristics from the steering angle of a steering wheel to 
the steering torque) , and road information sensitivity 
(transmitting characteristics from road surface reaction to 
steering torque) . Thus, the invention has a merit that the 
control system capable of satisfying the ideal steering feeling 
and road information sensitivity characteristics at the same 
time can easily be designed. 

The road information sensitivity may be adjusted by 
changing the suspension characteristics of a car. 

An embodiment of the present invention will be explained 
in detail with reference to the drawings. The invention can 
be applied to all electric power steering apparatuses 
irrespective of electric power steering types (column type, 
pinion type, rack type and the like) and irrespective of kinds 
of motor (having brush or brushless) . 

The present invention provides the control system with 
two degree of freedom which is capable of independently adjusting 
and designing frequency characteristics of the steering feeling 
and road information sensitivity, and the control system with 
two degree of freedom comprises the torque filter with respect 
to the torque signal, the SAT estimating function for estimating 
and outputting the SAT, and the SAT filter capable of 
signal-processing the SAT estimated value estimated by the SAT 
estimating function in a frequency region. As a result, it is 
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possible to easily design a control system capable of satisfying 
ideal steering feeling and road information sensitivity 
characteristics at the same time. 

Fig. 1 is a block diagram of the entire structure of the 
electric power steering apparatus of the invention. A steering 
torque Th from the steering wheel is transmitted to a running 
wheel (transmitting function: 1/J h s 2 ) 51 through a subtracter 
50, and is input to a controller C(s) through another subtracter 
52. A block 53 in the controller C(s) represents rigidity 
(transmitting function: K) of a torsion bar. Output of the 
controller C(s) is input to a steering model (transmitting 
function: P(s)) 60 through a subtracter 64, output 0 g of the 
steering model 60 is fed back to the subtracter 52, and is output 
through an overall steering gear ratio (transmitting function: 
a) 61, and is input to the subtracter 64 as SAT information through 
a vehicle model (transmitting function: C ( sI-A) " 1 B+D) 62 and 
a feedback block (transmitting function: 1/a) 63. The 
transmitting functions of the steering model 60 and the vehicle 
model 62 are known. 

The controller C(s) comprises a control unit 100, a speed 
reduction gear ratio (transmitting function: r g i/r g2 ) 55, a 
torsion bar (transmitting function: K) 53 and an adder 54. The 
controller C (s) drives and controls a steering assist motor 200 . 
A motor current im of the motor 200 is input to the control unit 
100, and is input to an adder 54 through a torque constant 
(transmitting function: K t ) 201 of the motor and the speed 
reduction gear ratio 55. Fig. 2 is a detailed block diagram 
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of the control unit 100- The control unit 100 comprises a torque 
controller 110 and a motor drive system 140, and drives and 
controls the motor 200 through a motor drive unit 202. 

A torque signal Tr is input to an assist amount calculating 
unit 111, a differentiation controller 112, a yaw rate 
convergence controller 122 and an SAT estimating function 120. 
A vehicle speed signal Vel is input to the assist amount 
calculating unit 111 and the yaw rate convergence controller 
122. The output of the assist amount calculating unit 111 is 
output to the differentiation controller 112 and is input to 
the adder 113, a result of the addition is input to the torque 
filter 114 and is signal-processed, and the signal-processed 
filter output is input to the SAT estimating function 120 and 
is input to a robust stabilizing compensator 116 through an adder 
115. The output of the yaw rate convergence controller 122 is 
input to the adder 115. The SAT information from the SAT 
estimating function 120 is signal-processed in an SAT filter 
121, and is input to the subtracter 117 together with output 
of the robust stabilizing compensator 116 and is subjected to 
subtraction processing . 

The output of the robust stabilizing compensator 116 is 
input to an adder 141 in the motor drive system 140 through the 
subtracter 117, and its addition result is input to the adder 
143 through a compensator 142, its addition result is input to 
the motor drive unit 202 and is input to a disturbance estimator 
144. The motor 200 is driven by output (terminal voltage) Vm 
of the motor drive unit 202, the output Vm and the motor output 
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current im are input to a motor angular speed estimator 145, 
and the motor output current im is also input to a disturbance 
estimator 144. A motor angular speed co estimated by the motor 
angular speed estimator 145 is input to the motor angular 
acceleration estimator 146, the yaw rate convergence controller 
122 and the SAT estimating function 120. A motor angular 
acceleration * co from the motor angular acceleration estimator 
14 6 is input to a motor inertia compensator 14 7 and to the SAT 
estimating function 120. 

In such a structure, the assist amount calculating unit 
111 calculates the assist amount in accordance with a 
predetermined calculation equation based on the torque signal 
Tr and the vehicle speed signal Vel, the differentiation 
controller 112 enhances the control response in the vicinity 
of a neutral point of the steering operation, and realizes smooth 
steering operation. The robust stabilizing compensator 116 is 
a compensator disclosed in Japanese Patent Application Laid-open 
NO.H8-290778 for example. The robust stabilizing compensator 
116 has a characteristic equation G(s) = (s 2 +al • s+a2)/(s 2 +bl • 
s+b2) wherein s is Laplace operator. The robust stabilizing 
compensator 116 eliminates a peak value of resonance frequency 
of a resonance system comprising inertia element and spring 
element included in the torque signal Tr, and compensates a 
deviation in phase of the resonance frequency which hinders 
stability and response of the control system. The yaw rate 
convergence controller 122 applies the brakes to shaky motion 
of a steering wheel to improve the convergence of the yaw of 
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a vehicle. The motor inertia compensator 147 multiplies the 
motor angular acceleration *cobygain (several steps) to obtain 
a motor inertial compensation value . The disturbance estimator 
144 is an apparatus as disclosed in Japanese Patent Application 
Laid-open No. H8-310417 for example. The disturbance estimator 
144 can maintain a desired motor control characteristics in an 
output reference of the control system based on the motor output 
current im and a signal which is obtained by adding output of 
the disturbance estimator 144 to a current command value 
compensated by the compensator 142 which is a control target 
of the motor output. The disturbance estimator 144 prevents 
the stability of the control system from being lost . The angular 
speed is estimated in the motor angular speed estimator 145 using 
a known method based on the motor terminal voltage Vm and the 
motor output current im. 

Here, the SAT estimating function 120 will be explained. 
Japanese Patent Application No. 2001-171844 filed by the present 
assignee discloses function. This function can be applied to 
the SAT estimating function 120 . The outline of this application 
will be explained. 

Fig. 4 shows torque generated from a road surface to the 
steering. If a driver steers the steering wheel, a steering 
torque Th is generated, and motor generates assist torque Tm 
in accordance with the steering torque Th. As a result, running 
wheels are steered, and SAT is generated as reaction force. At 
that time, inertia J of the motor and friction (static friction) 
Fr generate resistance against the steering operation. If the 
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balance of these forces is conceived, the following kinetic 
equation (1) is obtained: 

J-*co + Fr-sign(co) + SAT = Tm + Th (l) 

Here, the equation (1) is Laplace converted while using 
zero as an initial value, and if SAT is solved, the following 
equation (2) is obtained: 

SAT(s) = Tm(s) + Th(s)-J-^co(s) + Fr-sign(co(s)) ••• (2) 

As is found from the equation (2), if the inertia J of 
the motor and the static friction Fr are previously obtained 
as constants, SAT can be estimated from the motor angular speed 
co, the motor angular acceleration *co, the steering assist force 
and the steering signal . From this reason, outputs of the torque 
signal Tr, the motor angular speed co, the motor angular 
acceleration * co and torque filter 114 of the assist amount 
calculating unit 111 are input to the SAT estimating function 
120. 

If the SAT information estimated by the SAT estimating 
function 120 is fed back as it is, the steering force becomes 
excessively large, and the steering feeling can not be enhanced. 
Thus, the estimated SAT information is signal-processed using 
the SAT filter 121, and only information that is necessary for 
enhancing the steering feeling is output. 

Next, the structure of the control system with two degree 
of freedom will be explained. The control unit 100 shown in 
the block diagram of Fig. 1 has the structure as shown in Fig. 
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2. The control unit 100 comprises the torque filter 114 for 
processing the torque signal Tr, the SAT estimating function 
120 for estimating the SAT, and the SAT filter 121 for 
signal-processing the SAT information from the SAT estimating 
function 120. In the block diagram of Fig. 1, the rigidity K 
of the torsion bar 53 and the controller of the electric power 
steering are combined as a new controller C (s) , and the steering 
system is defined as P(s), and a general control system is as 
shown in Fig. 3. In Fig. 3, if the operation amount u which 
is output from the controller C(s) is conceived, a relation of 
the following equation (3) is obtained: 



(detection value) , Tm represents assist torque, Q represents 
the SAT filter 121 capable of processing the SAT estimated value 
in the frequency region, and hat SAT represents an estimated 
value estimated by the SAT estimating function. Here, if a 
controller except the SAT estimating function 120 and the SAT 
filter 121 is defined as C (s) and the estimated SAT and the 
actual SAT are equal to each other (SAT = hat SAT) , the following 
transmitting function equation is obtained. A torque filter 
114 with respect to the torque signal Tr is also included in 
the controller C (s) . 



u = Ts + Tm-Q-SAT 



(3) 



In the equation (3) , Ts represents steering torque 
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The steering feeling (transmitting characteristics from 
the steering angle 9 h of the steering wheel to steering torque 
Ts) Gsf and road information sensitivity (transmitting 
characteristics from the road reaction force SAT to the steering 
torque Ts) Gds are conceived as evaluation function in the control 
apparatus of the electric power steering apparatus . Therefore, 
if Ts = K(0 h -9 g ) indicative of the detection characteristics 
of torque is substituted into the equation (3), the following 
equation (5) is obtained: 

m _ K K(1 + Q)P 

3 l + PC' h 1 + PC sat "' K } 

Here, the road information sensitivity Gds and the steering 
feeling Gsf can be expressed as the following equations (6) and 
(7) : 

Gds = {K(l + Q)p}/(l + PC') (6) 

Gsf = K/(l + PC') (7) 

From the equations (6) and (7) , it can be found that there 
exists a relation of the following equation (8) between the road 
information sensitivity Gds and the steering feeling Gsf: 

Gds = Gsf -P(l + Q) (8) 

Here, K represents the rigidity of the torsion bar, and 
P represents a subject to be controlled. Therefore, the control 
system is designed such that the controller C and the SAT filter 
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Q are adjusted so that the road information sensitivity Gds and 
the steering feeling Gsf have preferable characteristics. To 
design the control system, the controller C' is first adjusted 
so that the steering feeling Gsf has preferable characteristics 
and then, the SAT filter Q is adjusted so that the road information 
sensitivity Gds has the preferable characteristics. However, 
when the system does not have the SAT estimating function 120 
and the SAT filter 121 (Q=0) , since the control system with two 
degree of freedom can not be constituted, it is necessary to 
provide the road information sensitivity Gds and the steering 
feeling Gsf with the preferable transmitting function by 
adjusting the controller C only. For this reason, it is 
difficult to design a control system which satisfies the road 
information sensitivity Gds and the steering feeling Gsf at the 
same time. 

Thus, as in the present invention, the controller C 1 (s) 
including the torque filter 114 with respect to the torque signal 
Tr is first tuned so that the transmitting characteristics of 
the steering feeling Gsf has the preferable characteristics and 
then, the SAT filter 121 (Q) is tuned so that the transmitting 
characteristics of the road information sensitivity Gds has the 
preferable characteristics. With this, it becomes easy to 
design a control system which satisfies the two evaluation 
functions at the same time. That is, the control system with 
two degree of freedom can be constituted. 

Fig. 5 shows target transmitting characteristics of the 
steering feeling. Here, a gain Ksf increases or reduces the 
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weight of the steering operation. If the gain Ksf is greater, 
the steering operation becomes heavier, and if the gain Ksf is 
smaller, the steering operation becomes lighter. The 
characteristics are determined by a driver's tastes. In view 
of steering following ability, it is preferable to design such 
that the gain becomes constant up to frequency as high as possible 
(fstl is above 5Hz and fst2 is depends on characteristics of 
vehicle and motor) . 

Fig. 6 shows the target transmitting characteristics of 
road sensitivity information. The road information is one of 
important information for a driver. However, since a driver 
knows that unnecessary road information exists between 10Hz and 
30Hz based on his or her experience, preferable characteristics 
are such frequency characteristics that road information in the 
frequency region is not transmitted to the steering operation. 
Therefore, the control system is designed such that the lower 
limit frequency fdal is about 10Hz, and the upper limit frequency 
fda2 is about 30Hz. 

The roles of the torque filter 114 and the SAT filter 121 
are conceived as adjusting parameters for designing the control 
system, and it is conceived that the characteristics required 
for the torque filter 114 and the SAT filter 121 are varied 
depending upon vehicle 1 s characteristics and other controller ' s 
characteristics. Therefore, the target following ability 
characteristics shown in Fig. 5 and characteristics required 
for realizing the road surface sensitivity characteristics shown 
in Fig. 6 are the characteristics required for the torque filter 
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114 and the SAT filter 121. That is, the torque filter 114 with 
respect to the torque signal Tr is used for improving the following 
ability characteristics of the electric power steering apparatus, 
and if the characteristics of the torque filter 114 with respect 
to the torque signal Tr included in C 1 in the equation (5) is 
adjusted, the following ability characteristics shown in Fig. 
5 are realized. The SAT filter 121 is used for adjusting the 
road information sensitivity characteristics, and if the 
characteristics of the SAT filter 121 is adjusted, the road 
surface sensitivity characteristics are realized. 

INDUSTRIAL APPLICABILITY 

According to the present invention, the control system 
with two degree of freedom comprises a torque filter for 
processing a torque signal, an SAT estimating function, and an 
SAT filter capable of processing the estimated SAT information 
in a frequency region. Thus, the steering feeling and the road 
information sensitivity can independently be designed. As a 
result, it is possible to easily design a control system capable 
of satisfying the ideal road information sensitivity and steering 
feeling at the same time. 
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